Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen Zwecken und zum Privatgebrauch gespeichert und kopiert werden.
I.

Introduction *
While it is largely uncontroversial that human capital can be considered as one of the shaping factors of economic growth, no agreement exists on the specific role of human capital formation. Competing theories all stressing different aspects of human capital formation are not in short supply, but the empirical evidence in support of one view or another is largely missing. To be able to discriminate between alternative interpretations, it would be useful to know whether physical or human capital has a larger impact on output per capita and whether the returns to all capital are constant, increasing, or decreasing. Depending on the answers, rather different implications for the role of human capital could emerge.
In a recent paper, Mankiw et al. [1992, henceforth MRW] find that much of the cross-country variation in output per worker can be explained while maintaining the assumption of decreasing returns to all capital, where physical and human capital roughly possess the same weight. This result questions the empirical relevance of endogenous-growth models that assume constant or increasing returns to scale in capital. In this paper, I use the augmented Solow model suggested by MRW to check the robustness of their results. In contrast to MRW, which use a more narrowly defined measure of human capital investments, I use new data on average years of schooling as a proxy for the stock of human capital per worker, and estimate a larger production elasticity of human capital with respect to output than MRW. My results are consistent with constant returns to all capital, and virtually no return to unimproved labor, without necessarily implying an endogenous-growth model. Moreover, the impact of human capital formation is found to be twice as high as the impact of physical capital formation.
Several reasons exist why these results and MRW's might arise. First, MRW's results could arise either from measurement error in their measure of human capital investments or from their focus on a limited component of human capital. Second, their results might be correct and the results of the present paper could be due to the endogeneity of the stock of human capital. Notwithstanding, I show that a more complex model of economic growth where unimproved labor does not enter the production function but is used for producing human capital can also account for the seemingly conflicting empirical results. These different views have very different implications for the impact of changes in human and physical capital accumulation, and they all appear to be compatible with the cross-country data. Hence the existing empirical evidence does not suffice to clearly discriminate between very different views of the role of human capital in growth.
II. Alternative Specifications of the Augmented Solow Model
The augmented Solow model of economic growth developed by MRW can be summarized as follows. Let the production function at time t be (1)
where the notation is standard: Y is output, K is the stock of physical capital, H is the stock of human capital, A is the level of technology, and L is labor. A and L are assumed to grow exogenously at rates g and n . 
where the dot denotes absolute changes of the variables over time, and is the depreciation rate. The underlying assumption of this modelling framework is that the same production function applies to human capital, physical capital, and consumption. Hence the depreciation rate is the same both for human and for physical capital.
For decreasing returns to all capital ( 1 < + β α ), equations (2a) and (2b) give the steady state values k * and h * as
Substituting equation (3a) and (3b) into the production function (1) by using the definitions for k and h , and taking logs, gives an equation for output per worker as a function of the initial level of technology ( ( ) 0 A ), the growth rate of technology (g ), the growth rate of the labor force (n ), the depreciation rate ( ), and the fractions of output invested in physical (s k ) and human capital (s h ):
Taking the percentage of the working age population that is in secondary school as a proxy for a flow measure of human capital, this equation is used by MRW to estimate the impact of human capital accumulation and other factors on output per worker. An alternative way to identify the role of human capital in determining output per worker is given by
which can be derived from solving equation (3b) for s h and substituting into equation (4).
This equation uses the stock of human capital as a right-hand-side variable, and predicts different coefficients on the terms for investment in physical capital and for the growth of the labor force.
Both equations (4) and (5) can be used to identify the elasticity of production with respect to physical and human capital. Given that the available proxies for flow and stock data of human capital are equally useful, and given that the augmented Solow model correctly identifies the data generating process, there is no reason to assume that the alternative specifications should lead to different results. The advantage of equation (5) for the empirical analysis is that it leaves open the question how the accumulation of human capital actually proceeds. E.g., in contrast to MRW, Lucas [1988] models the production function for human capital as different from that for goods and other inputs. A disadvantage of equation (5) 
III. Estimation of the Augmented Solow Model
A. Data and Samples
For an estimation of equation (5), I use two new sources which provide a proxy for the stock of human capital per worker (h ): Both Psacharopoulos and Arriagada [1992] and Barro and Lee [1993] present cross-country data for average years of schooling. These data sets are not perfectly correlated, and differ with respect to sample size and country coverage. Psacharopoulos and Arriagada use census data on the distribution of the population by levels of schooling attainment collected in the 1980s to calculate average years of schooling for selected years. Using similar census data, and interpolation techniques, Barro and Lee have constructed quinquennial time series data for average years of schooling for 129 countries from 1960 through 1985. Thus most of their data are not based on actual observations, but inferred from benchmark estimates. For the estimation presented below, I take the estimates around 1985 (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) from Psacharopoulos and Arriagada [1992] , and the estimates for 1985 from Barro and Lee [1993] .
The other variables that are used in the empirical analysis are measured as follows:
) is real gross domestic product per worker in 1985, s k is the average share of real investment in GDP for the period 1960-1985, n is the annualized growth rate of the working age population for the period 1960-1985, k is real (physical) capital per worker in 1985, and ( g + δ ) is assumed to be 5 percent. 1 The growth rate of the working age population and the measure for the investment in human capital as proxied by the percentage of the working age population that is in secondary school (s h ) are taken from MRW. All other data are taken from Summers and Heston [1991] .
Similar to MRW, I consider alternative samples of countries. "All countries" refers to countries with populations of more than 1 million (in 1985) excluding countries with oil production as the dominant industry. 2 "D countries excluded" refers to the resulting number of countries if those countries with the weakest quality of the data (labelled "D" by Summers and Heston) are excluded from the "All countries" sample. A third sample includes only those countries of the "D countries excluded" sample which provide an entry for k . All samples are matched with the two sources for data on average years of schooling. See Table A1 for each of the samples and the data.
1 See Mankiw et al. [1992, footnote 6 ].
2 Syria is excluded because of an implausibly high estimate for real gross domestic product per worker in 1985.
B. Results
In order to provide a point of reference for the empirical analysis, I first re-estimate equation ( are predicted to sum to zero, a restricted version can be estimated and tested. The results are presented in the first two columns of Table 1 . They largely resemble the findings of Mankiw et al. [1992, their Table 2 ]: The imposed restriction on the regression coefficients is not rejected as indicated by the p-value, and α and β are estimated to be about 0.3, notwithstanding the smaller point estimates for α and the higher point estimates for β in the present analysis.
MRW suggest that one production function that is consistent with their empirical results is
While the estimate for a resembles capital's share in income as measured in the National Accounts, the estimate for β seems to be rather low. According to Psacharopoulos [1993] , one year additional tertiary education offers a rate of return in the range of 10 percent. With 9 to 11 years of schooling, which is the estimated average for the OECD countries [Barro and Lee, 1993; Psacharopoulos and Arriagada, 1992] , it follows that investment in human capital as measured by education raises income by a factor of 2.5 to 3. 4 If income is three times higher with human capital than without, the share of human capital in income should be about two thirds of the total labor share. Hence with a labor share of roughly 70 percent, β can be expected to be closer to 0.5 than to 0.3. As a consequence, the share of unimproved labor in income can be expected to be lower than 0.3. Table 1 give the results of OLS estimations of equation (5) based on alternative sources for the data on average years of schooling. While the restricted model again passes the test at conventional levels of statistical significance and the estimate for α is very similar to the previous one, for three samples the estimate for β is more than twice as high as before. This finding implies a much smaller share of unimproved labor in income than was estimated by MRW. The implied estimates for β α + show that it is not possible to reject the hypothesis that β α + is close to 1, pointing to a near zero income share of unimproved labor. An alternative hypothesis like β α + = 0.67 as suggested by MRW, and by the first two columns in Table 1 , is not supported by these results.
The other columns in
The conflicting findings for β in Table 1 education. Therefore, it may be tempting to conclude that the different estimates for indicate an income share of post primary education of about 1/3, and an income share of all human capital of about 2/3. If so, however, as before OLS estimation of equation (5) should produce an upward biased estimate for β , given that equation (2b) adequately describes the process of human capital accumulation and equation (1) is the correct structural model.
To come to grips with these issues, I estimate the structural form production function (1) as an alternative to an estimation of the reduced forms presented in equations (4) and (5). Since K and H are likely to be correlated with the error term in equation (1), estimation by instrumental variables (IV) has to be used. The stocks of K and H can be instrumented by the respective saving rates s k and s h , which are independent of the error term due to equations (2a) and (2b). Dividing equation (1) by L, and taking logs, gives
For 1985, Summers and Heston [1991] provide entries for k only for a rather limited number of countries, mainly from the OECD (see Table A1 ). This lack of data hinders a direct comparison with the results in Table 1 . Re-estimating equations (4) and (5) The high R 2 and the low statistical significance of the regression coefficients point to a multicollinearity problem. 7 Taken at face value, the estimated regression coefficients are not very informative, but β α + is estimated not to be statistically different from 1. This result can be regarded as weak evidence in favor of a large β . Given that a is about 0.3, which is in line with all results in Table 1 , equation (6) can be reformulated and estimated by IV as
Standard errors in parenthesis; number of observations = 29
List of instruments:
Again similar to the OLS results for equation (5) in Table 1 , the production elasticity of human capital is found to be about two times the production elasticity of physical capital.
As long as data limitations do not allow a direct comparison of results, the findings for the structural model could simply reflect specific properties of the k -sample, similar to the specific properties of the OECD sample found by MRW. Therefore, they cannot be considered as entirely convincing evidence in favor of a high β . If they are taken for granted, however, they would suggest that OLS estimation of equation (5) has not produced an upward biased estimate of β . Hence an IV estimation of equation (5) Conversely, if OLS estimation of equation (5) actually produces upward biased results for β , IV estimation should yield results similar to those presented by MRW.
IV estimation of equation (5) does not perform as expected, however (Table A2) . Although the imposed restriction on the regression coefficients is not rejected as indicated by the pvalue, and the R 2 is reasonably high, neither the MRW-like results derived from an estimation of equation (4), nor the OLS results derived from equation (5) While the high estimate for β derived from an OLS estimation of equation (5) seems to be confirmed by an estimation of the production function in stocks (equation (6)) using both saving rates as instruments, estimation of equation (5) using only one saving rate as an instrument does not produce the expected result but a loss of efficiency, possibly indicating that IV estimation is not necessary at all. Therefore, neither a measurement error with respect to s h , nor a simultaneous equation bias with respect to the OLS estimation of equation (5) is likely to explain the different estimates for β derived for alternative specifications of the augmented Solow model. The way out is to think of a modified growth model that gives an alternative interpretation of the regression coefficients in equations (4), (5) and (6), and at the same time allows for an OLS estimation of equation (5).
IV. A Modified Augmented Solow Model
One possibility to reconcile the conflicting empirical results for β is given by a growth model where unimproved labor is used to accumulate human capital, but not to produce output. 8 Unimproved labor (i.e., children) is not useful in producing output, but is useful as an input into producing human capital. Such a growth model could have a production function for final goods as suggested by Rebelo [1991] , 9 without implying endogenous growth.
Consider a modified augmented Solow model with the production function
with B as the level of technology, and otherwise the same notation as before. Consider further that physical capital accumulation proceeds through
8 I owe this idea to the referee.
9 In the Rebelo model, unimproved labor has virtually no role to play, be it in production or in (human) capital accumulation. Thus from the point of view of the Rebelo model, there is no reason to expect that output is only produced in places where people live.
but that K is not used to accumulate human capital 10 :
where a H and a L are the fractions of H and L devoted to education. 11 As before, L and A grow exogenously at rates n and g , and equal depreciation rates ( ) δ for K and H are assumed for simplicity. The evolution of the economy is now governed by
The steady state values k and h can be derived as
Similar to equations (4) and (5) derived for the augmented Solow model, substituting equations (13a) and (13b) into the production function (9), and taking logs, gives two alternative equations for output per worker for the modified augmented Solow model: 10 For a similar specification, see Lucas [1988] , who also assumes that only human capital and unimproved labor are used as inputs for producing human capital. The difference to the present specification is that he assumes non-diminishing returns to human capital accumulation.
11 The fraction of L not devoted to education is assumed to be used unproductively in the production of final goods.
These equations are almost identical to equations (4) and (5) for the augmented Solow model in terms of right-hand-side variables, but differ with respect to the interpretation of the regression coefficients. Furthermore, in contrast to equation (5), equation (15) can be estimated by OLS. Since K does not enter the & H equation (11), h is independent of y according to equation (12b). Therefore, h is not correlated with the error term in equation (15). Since a L , the fraction of unimproved labor devoted to human capital formation, loosely corresponds to s h , the percentage of the working-age population that is in secondary school, it turns out that for a fairly small τ equations (14) and (15) can be used to reconsider the OLS results for the unrestricted augmented Solow model presented in the upper half of Table 1 .
V. Estimation of the Modified Augmented Solow Model
In the modified augmented Solow model outlined in the previous section, there is no degree of freedom to estimate β for a given α . This property helps to reconcile the seemingly different estimates for β derived for the augmented Solow model. Put differently, what has been taken as different estimates of β in terms of the augmented Solow model turns out to be something different in terms of the modified augmented Solow model.
Following equations (4) and (5) . Neither equation (14) nor equation (15) can be used to estimate β directly. Hence, given that α equals 1/3, β is uniformly predicted to be 2/3 according to equation (9).
A further difference between the augmented and the modified augmented Solow model is that the latter predicts identical regression coefficients on ( ) k s ln for both equations (14) and (15).
Given that α is about 1/3, this regression coefficient is predicted to be about 0. (4) is twice as large as the regression coefficient in equation (5).
In addition, reconsidering equation (6) in terms of equation (9) gives
This specification reveals that what has been taken as a direct estimate of β is a restriction which can be tested. As seen from the point of view of the modified augmented Solow model, an estimate for ( ) α − 1 of about 0.7 supports the restriction, but it is not an independent estimate of β as was first suggested in Section III.
Hence, it appears that the modified augmented Solow model with about 0.3 and τ fairly small fits both types of regression results presented in the upper half of Table 1 , and the results presented in equation (8). The remaining question is whether restricted versions of this alternative growth model pass the test statistics and also produce reasonable results.
An estimation of equation (14) requires the specification of a proxy for a H , the fraction of human capital devoted to human capital formation. Since s h , which can be used to proxy a L , focusses on secondary education, I use total teaching staff at general secondary education in 1985 divided by the total stock of human capital as a proxy for a H . The figures for the teaching staff are from the UNESCO Statistical Yearbook, and the total stock of human capital is average years of schooling, either from Barro and Lee [1993] or from Psacharopoulos and Arriagada [1992] , times the number of workers in 1985 calculated from Summers and Heston [1991] . Measuring a H this way reveals that there is only one country where a H exceeds 0.5 percent, and that the variation across countries is not very large (see Table A1 ). Therefore, ignoring a H as in the interpretation of the OLS results for the unrestricted model does not seem to introduce a large bias. Table 2 presents the results for restricted versions of equations (14) and ( (14), or to a bad proxy for a H as the present data appear to be not different from a measure of noise. Nonetheless, if a H actually has an important impact but is not identified correctly, the implied estimates for α from equations (14) and (15) where the estimate for becomes statistically significant, and is not different from the previous estimates in the range of 1/3. Summarizing, the modified augmented Solow model gives a consistent explanation of the regression results obtained for restricted and unrestricted versions of equations (14), (15), and (16). This model implies a much larger production elasticity for human capital than was estimated by MRW. Independent of the income share of (physical) capital, the elasticity of output per worker with respect to investment in human capital (as measured by the fraction of unimproved labor devoted to education) is 1, as is the elasticity with respect to the stock of human capital per worker. For an income share of physical capital of about 1/3, the model predicts the same elasticities of output per worker with respect to the saving rate and to population growth of about 0.5 and -0.5 that are known from the textbook Solow model, while MRW derive the respective elasticities as 1 and -2.
VI. Conclusion
Recent empirical research on the empirics of growth has demonstrated that an augmented Solow model provides a fairly good description of cross-country data on output per worker. Re-estimating this model by using a proxy for the stock of human capital rather than a flow measure, I find a substantially higher share of human capital in income than MRW. Given the data at hand, this result does not seem to suffer from a simultaneous equation bias, and the MRW result does not seem to suffer from measurement error. Therefore, a modified augmented Solow model is suggested that can reconcile the competing empirical estimates. For an income share of physical capital of about 1/3, the implication of this new growth model is that the impact of human capital formation on output per worker is twice as high as the positive impact of physical capital formation and the negative impact of population growth. The MRW model is less optimistic in this respect: The impact of human and physical capital accumulation is predicted to be the same, and only half as large as the negative impact of population growth.
It has to be conceded, however, that the empirical evidence does not suffice to clearly discriminate between the alternative interpretations of the role of human capital in economic growth. To be able to do so, an extended series for k and alternative proxies for a H would be needed. Furthermore, it is also questionable whether the true impact of human capital can be captured by measures which only focus on schooling, but not on experience. Despite these criticisms, a Solow growth model extended one way or another seems to provide a reasonable framework to study how human capital formation influences per capita income. ) is assumed to be 0.05. s h is the percentage of the working-age population in secondary school in 1985. h is average years of schooling. Average years of schooling in the third and fifth column are taken from Barro and Lee [1993] , and in the fourth and sixth column from Psacharopoulos and Arriagada [1992] . 1960-1985. ( ) δ + g is assumed to be 0.05. a H is total teaching staff at general secondary education in 1985 divided by the total stock of human capital. h is average years of schooling. Average years of schooling in the first and third column are taken from Barro and Lee [1993] , and in the second and fourth column from Psacharopoulos and Arriagada [1992] . ) is assumed to be 0.05. s h is the percentage of the working-age population in secondary school in 1985. h is average years of schooling. Average years of schooling in the first and third column are taken from Barro and Lee [1993] , and in the second and forth column from Psacharopoulos and Arriagada [1992] .
